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The equilibrium distribution of species formed between Cu(ll) and N-acetylneuraminic (sialic) acid (I, LH) at 298 K
has been determined using a two-dimensional (2D) simulation analysis of electron paramagnetic resonance (EPR)
spectra. In acidic solutions (pH values < 4), the major species present are Cu®*, [CuL]* [logB = 1.64(4)], and
[CuLy] [logB = 2.77(5)]. At intermediate pH values (4.0 < pH < 7.5), [CuL,H-_1]™ [logs = —2.72(7)] and two
isomers of [CuLH—;] [logs (overall) = —3.37(2)] are present. At alkaline pH values (7.5 < pH < 11), the
major species present is [CuL,H—,]>~, modeled as three isomers with unique gis, and As, values [log (overall) =
—8.68(3)]. Two further species ([CuLH_3]*~ and [CuL,H_s]*") appear at pH values > 11. It is proposed that [CuL]*
most likely features | coordinated via the deprotonated carboxylic acid group (0?) and the endocyclic oxygen atom
(OR) forming a five-membered chelate ring. Select Cu(ll)-I species of the form [CuLH-;] may feature | acting as
a dianionic tridentate chelate, via oxygen atoms derived from O, OR, and one deprotonated hydroxy group (O” or
0°) from the glycerol tail. Alternatively, | may coordinate Cu(ll) in a bidentate fashion as the tert-2-hydroxycarboxylato
(O, ) dianion. Spectra predicted for Cu(ll)-I complexes in which | is coordinated in either a O%,OR {I(1-)} or
O, {1(2-)} bidentate fashion {e.g., [CuL]* (O}, OR), [CuLy] (bis-OOR), [CUuLH-_4] (isomer: O%C?), [CuL,H—{]~
(O OR; 01,7, and [CuL,H—_,)*~ (isomer: his-O,0%)} have “irregular” EPR spectra that are ascribed to the existence
of Cu(ll)=I(monomer) == Cu(ll)-I(polymer) equilibria. The formation of polymeric Cu(ll)-I species will be favored in
these complexes because the glycerol-derived hydroxyl groups at the complex periphery (0,0,20°) are available
for further Cu(ll) binding. The presence of polymeric Cu(ll)-I species is supported by EPR spectral data from
solutions of Cu(ll) and the homopolymer of I, colominic acid (Inay). Conversely, spectra predicted for Cu(ll)—I complexes
where | is coordinated in a {1(2-)} tridentate {e.g., [CuLH-4] (isomer: O, OR,0’, or (¥) and [CuL,H_,J?~ (isomer:
bis-O',OR, 07, or OF)} or tetradentate fashion {1(3-)} {e.g., [CuLH—3J?>~ (O, OR,02C°)} are typical for mononuclear
tetragonally elongated Cu(ll) octahedra. In this latter series of complexes, the tendency toward the formation of
polymeric Cu(ll)-I analogues is small because the polydentate | effectively wraps up the mononuclear Cu(ll) center.
This work shows that Cu(ll) could potentially mediate the chemistry of sialoglycoconjugate-containing proteins in
human biology, such as the sialylated amyloid precursor protein of relevance to Alzheimer's disease.

Introduction mammals and other animat3ln humans, the most abundant

Sialic acids represent a class of about thirty carbohydrate Sialic acid is N-acetylneuraminic acid [S-acetamido-3,5-

derivatives that play important roles in the physiology of dideoxy®-glycerop-galacto-2-nonulosonic acid; (shown
as thes-anomer)]; this acidic carbohydrate is present as the
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transferrin and ceruloplasmin, for example, have multian-
tennary sialoglycoconjugates extending into the extracellular
milieu.r>6 Other sialylated proteins of relevance to human
biology include the amyloid precursor protein, which yields
the 8-amyloid peptide associated with Alzheimer’s disedse,
and the polysialylated neural cell adhesion molecule, which
is critical to neurogenesis in humal¥<Because Cu(ll) has
also been implicated in playing a role in select neurodegen-
gliosides) chains located at cell surfaces and is involved in €rative diseases involving these proteins and protein products
cell—cell recognition processes and anticoagulation evénts, (€-9-/-amyloid peptide*it is important to gain insight
The importance of in human biology is widely recognized, into the nature_ of species formed in solution betwegn Cu(ll)
in terms of maintaining regular cell function and with respect @nd! as a starting model for more complex systems in human
to its role(s) played in medical conditions, such as influéhza ~ Pi0l0gy. o .

and alternative disease statg§though! has a rich research In the past half decade, a novel technique involving the
profile in organic chemistry, only recently has attention 2D Simulation of EPR spectroscopic déthas been used to
turned toward studies of the nature of species formed betweerPredict the nature of species (and thefloglues) formed
transition metal ions and. For example, a study using " Solution between Cu(ll) and bioligands, such as oligogly-
electron paramagnetic resonance (EPR) spectroscopy deSines orS-substitutegs-amino acid€>2¢Until now, this 2D-

tected species formed between oxoCr() @nd sialogly- EPR simulation technique had not been applied to Cu(ll)
coconjugates derived from human salfivaa complete carbohydrate systems; here, we describe our results of the

analysis of the nature of the oxoCr(¥) species formed, in ~ @pplication of the 2D-EPR simulation technique to Cufl)

which | coordination occurs via theert-2-hydroxycarboxy- ~ Selutions at 298 K, including the deconvolution of EPR
lato “head” group (acidic conditions) or via the glycerol “tail” Parameters and formation constants unique to each species

(alkaline conditions), has subsequently been undertaken using"d the assignment of the most likely structures of-Cu
EPR spectroscopic simulatiénSince then, oxoCr(\4 species based upon these EPR parameters. Results from low

speciation has been studied in the presence of Ca(ll), whicht€mperature (150 K) EPR spectra of glassy solutions of

OH
o7

C3

OH
04
1

terminal residue of glycoprotein and glycolipid (e.g., gan-

leads to the formation of ternary CapxoCr(V)—I
complexes that have electronic structures and equilibrium
distributions distinct from those of the binary oxoCr{\)
analogue$.Lead(Il)-induced perturbations to thid and*C
NMR spectra ofl prompted the formulation of a model in
which Pb(ll}-I binding occurs via the carboxylat®y)-, ring
(OR)-, and hydroxyl ©7)-oxygen donor atoms to this soft
transition metal? this is similar to the binding motif
proposed in early studies of Ca) binding!* Additional
studies have examined the nature of species formed be
tween!| and Mn(ll), Gd(lll), or Eu(lll)1213 Several metal
ions (and one metalloid, Se) have been shown to inhibit
the biosynthesis of in vitro via enzyme inhibition mecha-
nisms; Cu(ll), for example, inhibited the activity of both
UDP-N-acetylglucosamine‘Zpimerase andN-acetylman-
nosamine kinas&.

Many proteins and lipids in human biology are
sialylated*>~18 The transition metal management proteins,
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Cu(I)—1 and Cu(ll}~1 poly (I poly = @-2,84 , wheren ~ 1000)

are also presented. The results from this work implicate a
potential role for Cu(ll) in sialoglycoconjugate chemistry of
relevance to human biology.

Experimental Section

Chemicals.N-Acetylneuraminic acidl( sialic acid; Calbiochem,
= 98%), colominic acidl(ly, poly-a-2,8-N-acetylneuraminic acid,
a-2,84, wheren ~1000, sodium salt fromEscherichia coli
Sigma), quinic acid (1,3,4,5-tetrahydroxycyclohexanecarboxylic
acid, gaH; ICN Biomedicals), shikimic acid (3,4,5-trihydroxycy-
clohexenecarboxylic acid, saHSigma, 99%), glycerol (gck
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Prolabo, analytical grade)\-acetylethanolamineNAcH,; Lan- tube. The EPR spectrum of each species was described lggthe
caster, 95%), CuSEbH,O (Prolabo, analytical grade), and CuCl  value, the Cu(ll) hyperfine coupling constars}), and the field
(Reanal, analytical grade) were used as received. All of the solutionsdimension relaxation parameters, (3 andy), where the different
were prepared using MilliQ purified 0. widths of the Cu(ll) lines are given ag, = a + M, + yM;? (M,

EPR Spectroscopy at 298 K in a Static SystenSpectra were is the magnetic quantum number of the Cu nucleus). The values of
acquired at 298 K on a Bruker (EMX) EPR spectrometer at the Aiso anda, 5, andy refer to the$*Cu isotope and are reported in
X-band frequency (ca. 9.6 GHz) linked to a Bruker field controller units of gauss (1 G- 1074 T). The spectra of complexes containing
(EMX 032T) and gaussmeter (EMX 035M). Spectra were acquired either the?3Cu or®Cu isotope were calculated and added according
using the following conditions: modulation frequency, 100 kHz; to their natural abundance. The equilibrium concentrations of the
modulation amplitude, 1.07 G (or 3.07 G); conversion time, 5.12 component species were obtained by solving mass-balance equa-
ms; time constant, 10.24 ms; microwave power, 2 mW; and number tions. The optimization of the EPR parameters and the formation
of scans, 5. The first series of spectra were acquired from solutionsconstants of the mass-balance equations for the EPR-active
of Cu(ll) andl, where [Cu(ll)]= 10 mM and [] = 10, 20, 40, or complexes were based upon the minimization of the overall average
100 mM at pH values ranging from 2.38 to 7.42 in increments of square deviation (SSQD), which is the sum of the average square
~1.00 pH units. To mitigate against the precipitation of Cu(®H) deviations for each spectrum (SQD). The quality of fit for the
(as determined visually), the order of the addition of stock solutions individual spectra was characterized by a noise-corrected regression
of reagents was varied depending upon the pH regime of interest; parameter ) calculated from the SQB. For the comparison of
for solutions where pH< 5.0, an aliquot of an aqueous stock alternative speciation models, the overall regression coefficint (
solution ofl was added to an aliquot of an aqueous CyStck for the whole set of spectra (computed from the SSQD) was used.
solution and the volume of the solution made up to just below The program also provides the critical value of the difference in
volume. The pH of the solution [measured using a HANNA micro overall regression coefficientéR), which indicates the validity
pH meter (HI 9023) and probe (HI 1083B)] was adjusted to the of alternative speciation models. Details of the statistical analyses

desired value using aliquots-—6 uL) of NaOH (1 or 2 M) or are provided in previous wo. A new statistical parameter, the
HCI (1 or 2 M) before the solution was made to volume witOH normalized regression coefficient (NR) has been introduced, given
For solutions where pH- 5.0, the solutions were prepared by py the expression: NR: 1 — Nyo(1 — R). The critical regression
adding an aliquot of NaOH (1 or 2 M) to an aliquot of thetock AR indicates whether the difference between two models is

solution and HO, prior to the addition of the aliquot of the CugO significant where the number of adjusted parametiips)(is the
solution. A second series of experiments were conducted in which sgme for each model. Because an increadd,incan result in an

the [Cu(ll)] was increased (1, 5, 10, or 20 mM), wherp+ 1, 5, improved fit between the experimental and simulated data, the
10, or 20 mM, respectively, at constant pH values (i.e., jntroduction of a new species was considered reasonable when the
[Cu())/[1] = 1:1 at pH= 3.51+ 0.24 or 5.53+ 0.10) or where  improvement of regression [i.e., the decrease of @)] was faster

[1] =2, 10, 20, or 40 mM, respectively (i.e., [Cu(I)[= 1:2 at than the increase i,y (i.€., the model with the largest value of

pH = 3.41+ 0.14 or pH= 5.54+ 0.17) or wherel] = 4, 20, 40, NR was considered the most likely). The formation constant of
or 80 mM, respectively (i.e., [Cu(I)]i] = 1:4 at pH= 3.36 + the EPR-inactive Cu(Iy] complex was determined by minimizing
0.10 or pH= 5.394 0.05). Spectra were also acquired ([Cu(l)l/  he differences in the analytical and calculated total Cu(ll)

ligand] = 10:40 mM; pH~ 3.5-6.5) from solutions of Cu(ll) concentrations, on the basis of the signal intensity of the experi-
and gaH, saH, gchs, or NAcH,. mental EPR spectra.

EPR Spectroscopy at 298 K in a Circulating SystemThe EPR EPR Spectroscopy at 150 KEPR spectra (X-band: frequency

iges_mlr:aEéV;re reccgdekd atE?QB 0.2 K using an upgrgded JEOL ~9.35 GHz) were acquired at 150 K from water/methanol (75:25)
or a Bruker Elexsys spectrometer under an argon glassy solutions of Cu(ll) anid where [Cu(ID]/] (pH) = 5:8 mM

atmosphere in a circulating system with parameters as previously(3 96), 2:8 MM (4.09), 2:8 MM (6.82), 2:8 MM (10.12), 2:40 mM
described’ Three titrations were carried out using CuGls a (3:77)' 2':40 mM ('6.15‘) .or 2:20 rﬁM 610'-16) unde.r thé fc.)llowing
mixture  of naturaln 'SO.tOp?S and 02 M KCI as the backgrqund conditions: modulation amplitude, 1.0 G; power, 1.98 mW,; and
electrolyte. In the first titration, the initial total Cu(ll) concentration number of scans, 5. Spectra were also acquired of [CJg#H (2
[Cu(ID]o = 5 mM and the initial total ligand concentratiol{ = mM) and of Cu(ll}-I yoy glassy solutions, where [Cu(ll)foy] =

8 mM; the pH range was from 2.3 to 6 (at pH values®6, . : .
precipitation was observed). In the second titration, [Cu(H)]2 ;?(;;?a?]ME?};SH: 3.80 or 6.64. Spectra were simulated using the

mM, [lIlo = 8 mM, and pH= 2.3-12; in the third titration, .
[Cu(i]o = 2 mM, [I]o = 40 mM, and pH= 1.8-12.4. The pH Mass S.pe(.:tro.rnetry.Mass spectra were obtained by the elec-
values of the freshly prepared stock solutions were adjusted with rospray ionization (ESI) method with samples [MeORIH
HCI, and then NaOH added by a Metrohm 765 Dosimat automatic (~1:9)] loaded onto the high-performance liquid chromatog-
buret; the pH was measured to an accuracy of 0.01 pH units using"@Phy pump of a Finnigan LSQ mass spectrometer under the
a Radiometer PHN 240 pH meter equipped with a Metrohm long following conditions: mobile phase [MeOH# (~1:1)]; flow

life combined pH micro electrode, which was calibrated with rate, 0.20 mL min®; temperature at capillary, 20@; spray volt-
IUPAC Standard Buffers (Radiometer). age, 5.0 kV; sheath gas pressure, 60 psi;rafzdange, 156-2000.

Six solutions with different [Cu(Il)]A] ratios were analyzed
ing System. A series of 36 spectra were evaluated with the (Supporting Information, Table S1). The pH values of the solu-
2D-EPR prograni modified to take into consideration at most 15 10ns were measured using the HANNA micro pH meter, detailed
EPR-active species and to fit at most 132 parameters. The spectrafP0Ve. The assignment of CutH) species was supported with

analysis was preceded by a correction for the curve of the capillary sin;ul:;itc)))n of the mass spectra (Supporting Information, Tables S2a
an .

Evaluation of EPR Spectra Acquired at 298 K in a Circulat-

(27) SzabePlanka, T.; Rockenbauer, A.; Korecz, Magn. Reson. Chem.
1999 37, 484-492. (28) Rockenbauer, A.; Korecz, |Appl. Magn. Resonl996 10, 29—43.
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Figure 1. X-band EPR spectra (298 K) from solutions of 10 mM Cu(ll)
in the absence (a) and presence of 40 mMNBEXH; (pH ~2.0, 5.5), (c)
gcHs (pH = 5.31), (d) sald (pH = 3.47, 4.58, 5.58), (e) qaHpH = 3.47,
4.41, 5.57, 6.20), or (f) (pH = 3.50, 4.57, 5.40, 6.42).

2.0 1.9

Results

EPR Spectra Acquired at 298 K in a Static System.
The EPR spectra acquired from solutions of Cu(ll) &rad
298 K, where [Cu(ID])/[] = 10:40 mM as a function of pH,

Fainerman-Melnikova et al.

23 2.2 21

g iso

Figure 2. X-band EPR spectra (298 K) from solutions of Cu(ll) and
where (a) [Cu(Il)}/[] = 10:10 mM (pH values: 2.64, 4.83, 5.57, 5.86, 6.39,
6.94); (b) [Cu(I}/I] = 10:20 mM (pH values: 2.38, 3.35, 4.45, 5.40, 5.87,
6.21); (c) [Cu(IN)/[I] = 10:40 mM (pH values: 2.90, 4.57, 5.40, 6.42, 7.02,
7.42) or (d) [Cu(Il)}/]] = 10:100 mM (pH values: 2.98, 3.83, 4.53, 5.37,
6.30, 7.39).

2.0

saH, gaH;, or |, with the diminution of the broad signal for
free Cu(ll) atgiso = 2.19 and the appearance of new signals
at higher field values. There are similarities in the high field

show considerable signal complexity (Figure 1f) and are quite Signals from solutions of Cu(if)gaHs or Cu(ll)—I, which

distinct from the signal from a solution of free Cu(ll), which
is broad and featurelesgs, ~ 2.19; Figure 1a). Spectra from
aqueous solutions of Cu(ll) and ligands ([Cu(Il)]/[ligand]
10:40 mM; pH~ 3.5-6.5) that model isolated regions bf
(NAcH,, gcHs, saH, or gaH) were also acquired (parts b,
¢, d, and e of Figure 1, respectively).

In the presence of exceB\CH, or gcH, the EPR spectra
do not differ significantly from that of free Cu(ll), which
indicates that Cu(lh-NAcH; or Cu(ll)—gcHs complexes are
not formed in appreciable concentrations. Cu(ll) spectral
modulation does occur, however, when Cu(ll) is in the pres-

ence of an excess of the oxygen-rich, polyfunctional ligands,

2534 Inorganic Chemistry, Vol. 44, No. 7, 2005

may be attributable to species where coordination involves
thetert-2-hydroxycarboxylato groupdt,0?), because these
signals are absent in the Cu(H¥aH, system in which this
specific binding mode is not possible. In the Cufll)system,
there is no resolvabl&N Ai, superhyperfine coupling to
the Cu(ll) that would be expected lifwas coordinating to
Cu(ll) via the N-acetyl group. With increasingd JJ[Cu(l])]
ratios (from 1:1 to 10:1), the intensity of the signalbgt =
2.06 (which is unique to the Cu(H) system) increases
relative to the signal afjs, = 2.10 (Figure 2).

EPR Spectra from Solutions of Increasing [Cu(ll)] with
Constant [Cu(I)]/[I] and pH Values. Spectra acquired from



Cu(ll) —Sialic Acid Species from 2D-EPR Analysis

Table 1. EPR Parametetsand Formation Constants (as g)§ for Cu(ll)—I Complexes

complex Oiso Aiso (G) o (G) B (G) y (G) logB®
cw* 2.1946(1) 34.8(2) 53.8(3) —1.4(1) 0.2(1)
[CuL]* 2.0516(20) 127.0(19) 137.9(8) 55.1(4) 8.4(4) 1.64(4)
[CuLH-1] —3.37(2¥
isomer 1 2.1571(1) 50.4(1) 37.9(1) —-16.0(1) 1.4(1) —3.49(1)
isomer 2 2.1801(7) 84.3(8) 118.7(7) —167.2(4) 71.3(3) —3.98(3)
[CuploH 42 -19.8(2)
[Cuil—ng]g’ 2.1323(2) 71.5(3) 32.1(3) -18.1(3) 3.3(2) —23.61(4)
[CuL] 2.1903(13) 43.4(12) 51.5(4) —4.7(4) —2.7(5) 2.77(5)
[CuLoH_1]~ 2.0733(15) 28.1(16) 174.9(6) —10.5(13) —53.7(8) —2.72(7)
[CuLoH 52 —8.68(3)
isomer 1 2.1313(1) 63.3(1) 46.0(1) —-32.8(1) 6.2(1) -9.10(4)
isomer 2 2.1527(2) 97.1(2) 89.8(1) —80.6(1) 23.1(2) —9.13(4)
isomer 3 2.1166(1) 55.7(1) 34.5(1) —-19.0(1) 3.1(1) —9.24(1)
[CuL,H_g]3~ 2.1188(7) 75.2(8) 66.5(1) —42.5(3) 7.6(1) —21.68(4)

aThe confidence intervals (3 of the last digit at a significance level of 99.7% are given in parenth83g logs value LH was taken to be 2.7 (from
ref 10).¢logf = log(Bisomer 1+ Pisomer 3- d logB = log(Bisomer 1+ Pisomer 2+ Pisomer 3-

Table 2. Statistical Parameters for the Best and Reduced Models in the

solutions of Cu(ll) and where [Cu(ll)] is increased, under Cu(l~I System

conditions of constant [Cu(I)]f] and pH (Supporting

Information, Figure S1), differ within each pH regime studied __°mtted species R AR/AReriica® NR

~ ~ i i iah fi none 0.998 952 0 0.9319
_(pH 3..4 gnq pH _5.4)., Wlth the .S|gnal at the hlgh field [CULH ] 0.998 336 o8 0.9015
increasing in intensity with increasing [Cu(Il)]. This suggests  [cuLH_y2- 0.997 838 159 0.8725
that there exists an equilibrium between monomeric and [CuLj] 0.998 555 57 0.9148
polymeric Cu(ll)}-I specie$® Further support for the exist- {Eﬂtﬂj};,c 8-332 ggg 1% 8-3@%
ence of polymeric Cu(lfy| species is provided from [CULEH:Z]%,d 0.981 826 2447 0.0368
structurally characterized Cu(tgaH; complexes, which [CuLoH-5]%~ 0.998 340 87 0.9021
feature gal binding to discrete Cu(ll) ions via theert-2- 2 ARis the difference in the overait values for the best and the reduced

hydroxycarboxylato motif and via the ring-bound vicinal models AReiica = 0.000 007)® Normalized regression coefficient (NR),
diolato moiety®*3L Furthermore, EPR spectroscopic data from Where NR=1— Npa(1 — R). One of the isomers is neglectetTwo of

. ’ the isomers are neglected.
solutions of Cu(ll) and pey, the homopolymer of, support

the notion that polymeric species may be formed in the spectral fit with the overall regression coefficieRt =

Cu(ll)—_l syst<_am (detaile_d below). _ 0.998 952 and the normalized regression coefficient=RNR
2D-Simulation Analysis of EPR Spectra Acquired at 9319 (Table 2). The omission of any of the above EPR-

298 K in a Circulating System.The Cu(ll)~I systemwas  gctjve species from the model results in a poorer fit between

further evaluated using EPR spectra acquired in a circulatinghe simulated and experimental spectra (Figure 3) for spectra

system, and the data was analyzed using a 2D simulationyecqrded near the maximum concentration of the specified
method that has been used recently to study speciation iNgomplex and is quantified by (i) the decrease in the overall
alternative Cu(ll)-bioligand system3:*Briefly, the “second  yeqression coefficient significantly exceeding the critical
dimension” of the method derives from the simultaneous \a1ue and (ii) the reduction in the normalized regression
analysis of the full set of spectra collected under different qqfficient (Table 2). At a moderate excesd @6 Cu(ll) in
conditions ([metall/[ligand], pH). The formation constants e gikaline region, the total [Cu(ll)] calculated from the
together with the EPR parameters unique to each speciegpeciral intensities for the best model agree well with the
are provided at the completion of the iteration process, and ) analytical [Cu(ll)]; the omission of the EPR-inactive
a series of statistical constraints are used to verify the validity dimer, [CuL.H 4>, causes a significant discrepancy be-
of the modeF* tween the values of the calculated and analytical [Cu(ll)]
The minimal Cu(ll}-1 speciation model that fits the data  (Supporting Information, Figure S2).
as modeled by the 2D-EPR simulation method comprises &  Thjs deconvolution analysis ultimately yields unique EPR
mixture of the following 11 EPR-active species: Caqua  parameters for each of the Cug) species (Table 1; Figure
complex), [CuLf, [CULH-q] (two isomers), [CuLH3]*", 4) that comprise the parent Cu(H) solutions together with
[CuLy], [CuloH-1]? [CulH-5]?" (three isomers), and  equilibrium distributions of species under specific concentra-
[CulLzH-_3]° (Table 1). In addition, the presence of an EPR-  tjon (ICu(ID)/[1]) and pH regimes (Figure 5).
silent species of the form [GL2H-4*" is inferred from the Confidence of Parameters from 2D Simulation Analy-
difference between the total [Cu(ll)] used in the experiment sjs The signature spectra (Figure 4) calculated from the EPR
and the cumulative [Cu(IT)] calculated from the EPR simula- parameters in Table 1 convey some uncertainty in the EPR
tion analysis. This minimal model results in an excellent parameters for select complexes. The Cu hyperfine structure
P oo A - — ; 5 is either partially resolved or unresolved for u[CuL]™,
23(9)3 B;g:-légﬁreﬁss,sll\i.; éj:zn;r?éar?::g: I(:: %rgllogaaa%?rgz?j A%l\?l?;%ércia- [CuLH-4] (isomer 2), [Culg], [CuLH-1]", and [CulH-2]*~

Baez, E.; Rosales-Hoz, M. J.; Contreras, R.; Flores-Parrgahsition
Met. Chem. (London)994 19, 575-581. (31) Bkouche-Waksman, Acta Crystallogr., Sect. @994 C50, 62—64.
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Figure 3. Experimental and calculated EPR spectra in the Ct(IBystem near the maximum concentration of (i) [CulgH (i) [CuLH —3]%-, (iii) [CuL 7],
(iv) [CuLzH-1]", (V) [CuLzH-2]?~, or (vi) [CuLH—3]3~ for the best model (upper trace) and for the model (middle and lower traces) in which either the
species itself (ii, iii, iv, vi) or one (i, v; middle trace) or two (v; lower trace) isomers of the species was omitted.

(isomer 2). Whereas thé\s, signal is resolved in the (Table S2a, species D2), [Cy]l(Table S2a, species H; Table
remaining complexes, the low-field lines are broad. It is S2b, species L), and [CyH_;]~ (Table S2a, species F, J;
likely that a significant contribution to this strong magnetic Table S2b, species M).
quantum number dependence upon the line width may be Colominic Acid. EPR spectra acquired from solutions of
caused by the incomplete averaging of gdrendA anisotropy Cu(ll) andl oy at pH values~ 3.0 (Supporting Information,
that can occur when the rate of molecular tumbling is slow Figure S3) showed signals similar (although of lower
on the EPR time scale (as might be the case, for example, ifintensity) to those from Cu(ll) andi; the signal atgis, =
polymeric Cu(ll)-1 species were present). The likely origin  2.08, which appears in the CuH) oy System, is not present
of the irregular EPR signals for [Cut] [CuLH-4] (isomer in the spectrum of free Cu(ll). At higher pH values, the
2), [CuLy], [CuL,H-4]?*, and [CulbH-,]>~ (isomer 2) is intensity of the Cu(ll)-1y0y signal diminishes and the line
discussed further below. shape changes to one that more closely represents the
Equilibrium Distribution of Cu(ll) —I Species.Even at Cu(ll)—I spectra at more alkaline pH values. Electronic
a small excess of, [CuL]" is formed in a relatively high ~ absorption spectra from solutions of Cu(ll) ahd,, where
concentration, which indicates the stability of this species [Cu(Il)]/[(a-2,84),] = 1:1 x 1073 (data not shown), show
(Figure 5). The formation of [Culf] is also evident under an increase in both the energy and the intensity of thd d
the conditions used in ESI mass spectrometry experimentstransition with increasing pH values.f.x= 790 nm; abs=
in both negative (Supporting Information, Table S2a, species 0.15 (pH= 2.33);Amax= 715 nm; abs= 0.22 (pH= 6.64)].
D1) and positive (Table S2b, species D, E1, E2) ion modes. Also, an additional charge-transfer band appears in the
Other Cu(lly-I species identified under nonequilibrium  Cu(ll)—I,qy Spectra at pH= 6.64 @max= 320 nm). The com-
conditions from mass spectrometry analysis are [CulH  plexation between Cu(ll) andoy suggests that the existence
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Figure 4. X-Band EPR spectra (9.875 GHz) of individual Cul)species 0. [CuL H. T [?s‘;l':‘:ﬂz
comprising the parent Cu(Hl equilibrium solution at 298 K, showing
regular{ LHS: [Cu(OH)g]?*, [CuLH-q] (isomer 1), [CuLH-3]2~, [CuL,H_5]?~ 30 - V4 isomer 2 ‘
(isomer 1), [Cul,H_5]?~ (isomer 3), and [CutH_3]37} or irregular{ RHS: 20 | 8 ) isomer 3
[CuL]*t, [CuLH-q] (isomer 2), [Cul], [CuLoH-1]% and [CulsH-z]%~
(isomer 2} signals, as calculated from the data in Table 1. 10 -
0 L= : e e : T - .
of related polymeric Cu(lF| species is likely to occur under 2 38 4 5 6 7 8 9 10 11 12
certain conditions. PH

EPR Spectra Acquired at 150 K. The anisotropic Figure 5. Concentration distribution of Cu(H)l species at 298 K
spectrum (water/MeOH at 75:25) from a glassy solution of [Cgh"(‘ljl')"’]‘}[eﬂ Egog)tg?SEﬁﬁs?gcg%s‘rfﬁ'c g?rg)aggrocr?]ﬁtants (Table 1) where
Cu(ll) andl, where [Cu(I1))/]] = 2:40 mM and pH= 10.16 T ' ' '

(Figure 6d), is similar to the spectrum of [Cu(aci¢acac also compare well to those of [Cu(med€H,),] (meac=

= acetylacetonoato(1)]* in N,N-dimethylformamide (DMF; 3,6-dioxaheptanoic acid), which has a CufiQs coordina-
130 K), which suggests that the O atoms are the exclusivetjon sphere featuring Cu(HO(ether) bond&* There is no
donors in Cu(ll)-I complexes under these conditions. As  giscernible resolution of th¥N superhyperfine structure in
in the spectrum from [Cu(aca#) the splitting in theM, = the g region of the Cu(ll-l EPR signals, which is
—%>A signal in the Cu(lly-I system is attributed to the  ¢onsistent with the notion that tieacetyl group of is not
presence of the two Cu isotope¥Qu, ®*Cu) that have  jnyolved in the Cu(ll) coordination sphere, similarly noted
different nucleag values. The EPR parameters of Cull) from Cu(Il)—| spectra acquired at 298 K. However, e
species that are dominant at acidic pH values (e.g., [CllH  yajue @, = 2.2500) where [Cu(I)]] = 2:40 (pH= 3.77)
lies at the low-end extreme of the empirically determiggd

(32) Noack, M.; Kokoszka, G. F.; Gordon, G. Chem. Phys1971 54,

1342-1350. value predicted for a Cu(ll) complex with four oxy-
(33) g&{dadov, N. D.; Shopov, Mokl. Bulg. Akad. Nauk969 22, 691~ gen donors® Taken together with the relatively larg,

(34) Fawcett, J.: Laurie, S. H.. Simpson, C.: Symons, M. C. R.; Taiwo, F. Value under these conditions, this suggests the possibility

A.; Hawkins, I.Inorg. Chim. Acta2001, 312 245-248.
(35) Howes, B. D.; Kuhlmeyer, C.; Pogni, R.; Basosi, Magn. Reson. (36) Peisach, J.; Blumberg, W. Erch. Biochem. Biophy4974 165 691—
Chem.1999 37, 538-544. 708.
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Select Cu(ll>-1 spectra acquired at 150 K (Figure 6) were
simulated using the program EPRvith parameters given
in Table 3; the complete set of anisotropic Cufll)spectra
acquired are provided in Figure S4 (Supporting Information),
together with the spin-quantitation data (Figure S5).

The spectrum acquired from a glassy solution of Cu(ll)
andl poy ([Cu(l)] = 10 mM; [l o] = 10 mM, pH= 6.64)
at 150 K is very similar to the anisotropic spectrum of
Cu(I)—I1, where [Cu(I)]= 2 mM, [I] = 8 mM, and pH=
4.09 (Figure 6; lowest offset trace in b). This is strong support
for the proposal that significant concentrations of polymeric
Cu(ll)—I species exist under specific conditions (e.g., where
[Cu(I)/[1] = 2:8 mM; pH~ 4).

Cross-Checking of the Cu(ll)-1 Species Proposed
Within the 298 and 150 K Temperature Regimes.The
2D-EPR simulation analysis of the Cu(H) system at 298
K yielded EPR parameters for [CpH—,]?~ (isomer 1) of
Cui-,,, Oiso = 2.1313 andAs, = 63.3 G (Table 1). This species is
present at the maximum concentration where [Cu(I) ¥
2:40 mM at pH values between 8.5 and 11 (Figure 5). The
anisotropic spectrum of the Cu(t) system where [Cu(ll)]/

[I] = 2:40 mM at pH= 10.16 (Figure 6) was simulated
(Table 3) as comprising two species; the EPR parameters of
the major species (speciesdr, = 2.1326;Aiso = 60.90 G)
are in excellent agreement with those calculated for
[CuL,H_;)?> (isomer 1). Similarly, the parameters for
[CuLH_4] (isomer 1) determined from the 2D-EPR simula-
2600 2800 3000 3200 3400 tion analysis at 298 Kdfso = 2.1571;Ais0 = 50.4 G) closely

Field (G) mirror the parameters of species Gs{ = 2.1591;Aiso =
53.5 G) determined from simulation of the anisotropic

Figure 6. Experimental (black) and simulated (grey) EPR spectra (150 — 9.
K) from solutions (water/MeOH at 75:25) of (a) Cu(ll) (2 mM) or spectrum of Cu(Iby-1, where [Cu(I))/]] 2:40 mM and

cu(i)—1 where [Cu(ll)] (mM)/I] (mM) is (b) 2:8 (pH= 4.09), (c) 2:40  PH = 3.77; under these conditions, [CuLH (isomer 1) is
(pH = 3.77), or (d) 2:40 (pH= 10.16). The spectrum at the greatest offset present at appreciable concentrations (Figure 5). The agree-
in bis from Cu(ll) (10 mM) and the homopolymer 6f colominic acid ment in the EPR parameters calculated for the two dominant

(Ipoly, 10 mM), at pH= 6.64. EPR parameters are given in Table 3. . . .
specieq[CulL,H_,]>" (isomer 1) and [CuLH;,] (isomer 1}

that Cu(lly-I complexes with mixed O- and N-donor atoms  Within the 298 and 150 K temperature regimes provides
may be formed at low temperatures. Further experiments Strong support for the simulation methodologies used within
using 3-deoxys-glycerop-galacto-2-nonulosonic acid, in  this work.

which theN-acetyl motif is replaced by a hydroxyl group,
will be useful in clarifying this issue. Thé region in the

spectra acquired at 150 K (e.g., Figure 6b,c) clearly shows  petal—| Coordination. The consensus of the considerable
that there is more than one species present in the CU(Il)  nymper of studies of Cu(ifcarbohydrate speciation using
system; the presence of multiple species in solutions of potentiometric, polarographic, and calorimetric techniques
Cu(ll) and the aminoglycoside, gentamicin, has been simi- s that, in the absence of additional functional groups, binding
larly proposed on the basis of modulations in f@egion  petween the carbohydrate diolato groups and Cu(ll) is
of EPR spectra acquired at 1203Klt is noteworthy that weak383 This is highlighted in the EPR spectra from
the EPR-silent dinuclear Cu(H)l species ([CtLoH-4]*") solutions of Cu(ll) and glycerol [orcis or trans1,2-
invoked from the 2D-EPR analysis of the Cuttl) system  ¢yclohexanediol (data not shown)], in which the formation
at 298 K, which is present at the maximum concentration of cy(Il)-diolato (linear- or cyclic-derived) species is not
where [Cu(ID)/l] = 2:8 mM (pH 8.5-11.5) (Figure 5),is  avident. The ligand,, however, is polyfunctional, featuring
consistent with decreased [Cu(ll)] determined by spin quan- a tert-hydroxycarboxylic acid “head” and a glycerol “tail”,
titation of the anisotropic Cu(l}! spectra under similar con- i addition to arN-acetyl group, an endocyclic oxygen atom,
ditions ([Cu(IN}[I] = 2:8 mM, pH= 10.12), even allowing  and a 4OH group. Therefore, the coordination profile of

for a considerable erroe{15%) that can be associated with  the Cu(ll}-1 system is likely to be quite distinct from
this quantitation technigue using a single-cavity spectrometer.

o

> >
>

i

-

Discussion

(38) Gyurcsik, B.; Nagy, LCoord. Chem. Re 200Q 203 81—149.
(37) Lesniak, W.; Harris, W. R.; Kravitz, J. Y.; Schacht, J.; Pecoraro, V. (39) Whitfield, D. M.; Stojkovski, S.; Sarkar, BCoord. Chem. Re 1993
L. Inorg. Chem.2003 42, 1420-1429. 122 171-225.
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Table 3. EPR Parameters from a Simulation of Cufll)Spectra at 150 K

[Cu(In)/[1]P pH species oo o Oiso A Af Asc® concentratiof
2:0 [Cu(OHp)e]2He 2.0814 2.4152 2.1927 11.4 102.3 41.7 1.00
[Cu(OHy)g)?H 2.1946 34.8
2:8 4.09 A 2.0750 2.3500 2.1667 0 135.0 45.0 0.55
2:8 4.09 B 2.0650 2.2800 2.1367 0 140.0 46.7 0.45
2:40 3.77 C 2.0636 2.3500 2.1591 12.8 135.0 53.5 0.60
[CULH-4] (iso1y 2.1571 50.4
2:40 3.77 D 2.0596 2.2500 2.1231 15.4 150.0 60.27 0.40
2:40 10.16 E 2.0528 2.2921 2.1326 13.3 156.1 60.90 0.884
[CuL;H-5)?" (isol) 2.1313 63.3
2:40 10.16 F 2.0791 2.3012 2.1531 0 147.7 49.23 0.116
[Cu(OH,)g]?+9 2.086 2.379 2.184 175 132.4 55.8 1.00
[CU(OHy)(MeOH )] 2" 2.09 2.34 2.17 ND 99.7 ND ND
[Cu(OH,)5(EtOH)P*9 2.086 2.425 2.199 ND 113.9 ND 1.00
[Cu(meac)(OHy),]’ 2.067 2.368 2.167 8 137 51 1.00
[Cu(acacy] 2.060 2.292 2.137 9.63 153.0 57.42 1.00

a Simulated using the program in ref 28Units of mM. ¢ Units of G. 9 Relative concentration from simulatiohValues ofA for [Cu(OH)s]2+ are closer
to A, values determined for species of the form [Cu@MeOH)s—]?" (where MeOH is derived from the glassing solvefit}? ' Species (and EPR
parameters) determined from CugHl) 2D-simulation analysis at 298 K (refer to Table 4Reference 32" Reference 33.ND = not determined. Reference

34 (meac= 3,6-dioxaheptanoic acid; 77 KjReference 35 (DMF; 130 K).

previously examined Cu(Hjcarbohydrate systems; in ad-
dition, there exists the possibility of the existence of linkage
isomers of metatl complexes and polymeric species.
Binding from the N-acetyl group ofl to Cu(ll) is
improbable because the only functional groupk fimoximal
to theN-acetyl group that might serve to “anchor” the ligand
to Cu(ll) are the 40H group (resulting in a five-membered
ring) and the #OH group (resulting in a six-membered ring),
both of which are poor Cu(ll) donors. While Cuamide
bonds are ubiquitous in Cu(ll)-peptide chemisththese
bonds invariably form part of Cu(lf)chelate structures that

Cu(Il)—1 species acquired at both 298 and 150 K. Also, metal
coordination via the '4OH group is unlikely because frée
occurs predominantly as th&anomer @-1/5-1 = 5—8%:
95—-92%)14% in the S-conformation (and precludingy-
acetyl binding), there are no correctly configured neighboring
donor groups, with respect to the@H group, able to form
a stable Cu(Ily-I chelate ring.

Therefore, the functional groups Inmost likely to bind
to Cu(ll) are thetert-2-hydroxycarboxylato groupQt,0?),
the glycerol tail ©,’0,80°), and the endocyclic oxygen atom
(OR). This is in broad agreement with the binding motif

involve deprotonated carboxylate groups; the carboxylate suggested for Pb(H}l complexe¥ and for complexes

group inl is not correctly configured with respect to the
N-acetyl group to reasonably invokéacetyCu(ll) bind-
ing. Also, structurally characterized complexes formed
between Cu(ll) andN-acetylated amino acids, such as
N-acetylt-aspartate, show that thé-acetyl group is not
involved in Cu(ll) coordination, even when (in the case of
N-acetylb-aspartate) there exists the possibility of forming
a stable five- or six-membered chelate ring (with coordination
occurring from thex- or S-carboxylate group, respectivelif).
Additional complexes formed between Cu(ll) aNehcety-
lated bioligands that have been studied by X-ray crystal-
lography? and potentiomet#} similarly show that the
N-acetyl group is not involved in the Cu(HJigand coor-
dination sphere. This is in agreement with the model
proposed for Pb(IB-1 binding!® and with an extended X-ray
absorption fine structure study of binding between Cu(ll) or
Zn(ll) and theN-acetylated polysaccharide, hyaluron&te.
Superhyperfine couplind{N) was unresolved in spectra of

(40) Farkas, E.; S@&go, |. In Amino Acids, Peptides and Protejrizavies,

J. S., Ed.; Royal Soceity of Chemistry: Cambridge, U.K., 1998; pp
324—-386.

(41) Antolini, L.; Menabue, L.; Saladini, M.; Battaglia, L. P.; Corradi, A.
B.; Micera, G.J. Chem. Soc., Dalton Tran$988 909-912.

(42) Corradi Bonamartini, A.; Bruni, S.; Cariati, F.; Battaglia, L. P.; Pelosi,
G. Inorg. Chim. Actal993 205 99-104.

(43) Casolaro, M.; Chelli, M.; Ginanneschi, M.; Laschi, F.; Messori, L.;
Muniz-Miranda, M.; Papini, A. M.; Kowalik-Jankowska, T.; Ko-
zlowski, H. J. Inorg. Biochem2002 89, 181-190.

(44) Nagy, L.; Yamashita, S.; Yamaguchi, T.; Sipos, P.; Wakita, H.;
Nomura, M.J. Inorg. Biochem1998 72, 49-55.

between Cu(ll) and -related ligands, such as qggf3!
galacturonic acid®4” and tetrahydro-2-furoic acit:*°
Calculated Spectra of Cu(ll)—I Species (298 K) from
a 2D-EPR Simulation. Of the 11 EPR spectra predicted
using 2D-EPR simulation techniques of individual species
comprising parent Cu(ltyl solutions, 6 show features and
parameters (Figure 4, left-hand panel; Table 1) that are
“regular” for mononuclear tetragonally elongated Cu(ll)
octahedr#-26:5051and five have “irregular” spectral features
(Figure 4, right-hand panel; Table 1). Specifically, [CulsH
(isomer 1), [CuLH3]?", [CuL,H_5]?>" (isomer 1), [CukH_;]>~
(isomer 3), and [CutH_3]®>~ have “regular” spectra and
[CuLl]", [CuLH-4] (isomer 2), [Cul], [CuL,H-4]? and
[CuL,H_,]> (isomer 2) have “irregular” spectra. It is
suggested that the irregularity of the predicted spectra of the
latter set of Cu(Il}-1 complexes arises from the presence of
related polymeric species (i.e., in the case of [Cubf
[CuL,], the analogous polymeric species present are [GuL]
or [CuLy]n, respectively) that would have slow tumbling rates

(45) Dabrowski, U.; Friebolin, H.; Brossmer, R.; Supp, Wetrahedron
Lett. 1979 20, 4637-4640.

(46) Deiana, S.; Gessa, C.; Manunza, B.; Piu, P.; Seebed, Rorg.
Biochem.199Q 39, 25-32.

(47) Aruga, R.Bull. Chem. Soc. Jpril981, 54, 1233-1235.

(48) Michaud, E.; Pivert, G.; Duc, G.; Petit-Ramel, M.; Thomas-David,
G. Can. J. Chem1982 60, 1063-1066.

(49) Erlenmeyer, H.; Griesser, R.; Prijs, B.; Sigel, Helv. Chim. Acta
1968 51, 339-348.

(50) Halcrow, M. A.J. Chem. Soc., Dalton Tran2003 4375-4384.

(51) Hathaway, B. JStruct. Bonding (Berlin}l984 57, 55-118.
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on the EPR time scale, allowing insufficient averagingyof ~ Chart 1

andA anisotropies. Support for this monometepolymeric

Fainerman-Melnikova et al.

NHOAC
equilibrium is found in the EPR spectra acquired from Y
solutions of increasing [Cu(ll)] where the [Cu(IDf][ratio i 0#0:\ ﬁa M
and the pH value remain constant (Supporting Information, _
Figure S1). Also, similarly to the Cu(#)l system, EPR o T“gHT
spectra from solutions of Cu(ll) and galactaric acid show ,?oo‘:j)‘w §
small modulations in the high field region under specific HO_|* ‘F}OH
conditions?? Cu(ll)—galactaric acid complexes have been o o ~ Ho, H'gfw/i/”onz flal,
shown to be polymeric, as determined by X-ray crystal- feut) OJZZ,CTQ:j {‘O“OHZT O%HR 9 "/Ygo fcut]
lography?? The positive value of the relaxation parameier ot Ao’ T%HJ)_@?"
for [CuL]®™ and the negative values of the relaxation L n
parametery for [Cul;] and [CulbH_;]~ (Table 1) may be r I

due to dipolar interactions between the paramagnetic centers
in the respective polymeric species, [CHlL][CuL,],, and

[}
A
o
o
\
o
I
~

[CULoH 1] . OHZT:r H::jcl‘c;f’i\T:OHz
Assignment of the Species [CuL{. The [CuL]" species ‘ﬂn - <G |/°H2 I e

most likely featured coordinated to Cu(ll) via the depro- b R‘%";9;?<§3°%<§:ﬁ-~‘
tonated carboxylic acid group (L.reports of the K, value cuLy’ -
of I range from~2.607 to ~2.709). A five-membered

chelate ring may be formed if the endocyclic oxygen atom

donates to the Cu(ll); this speciggCu(OOR-I1(1-))- _
(OH»)4]™; Chart 1,lla} would be expected to be more stable 0sy-0.

OH
R Cu
than a monodentate or four-membered chelate Cu(ll) Ho—( o Hok, o b %
. . o HO s
carboxylate speciesl ). The proposed endocyclic oxygen [é'i]‘ 2 o | ory R J e gﬂ?
oo . . . 7 el Ho—(~OH i [Cutl,
binding mode inlla is supported by the magnitude of the 0707 | "ok, : #0540

OH,

ratio of log3 ([CuL]") to pK, (LH) (Table 4), which is a 2 yone ] °“:f_f<.)) °
measure of the relative affinity of Ltoward either a Cu(ll) oL
ion (i.e., L= + CW" = [CuL]"; forward reaction described
by logB) or a proton [i.e., L + H* = LH; forward reaction

described by log(K,) = pKj]. Endocyclic-oxygen containing

- -n

Table 4. Stability Constants (Ig8) and logs/pKa Values for
Complexes Formed between Cu(ll) ahd-gal, thfH, or Acetic Acid

; Y H

ligands related tb, such a®-galacturonic acid-galH) and (a_c ) "

tetrahydro-2-furoic acid (thfH) have Ig#pK, values com- ligand Ka ref  logB [Cul] ref log8/pKa

parable to those of the Cu(H) system. These values are ! H %715 . 15% 11.%(4) tgéils work %.6;

approximately twice the value for the CuHpcetate system 720, 3:198 % 208 e 0.05

where the ligand acts as a monodentate carboxylate. The thfH 496(2) 48 3.47(4) 48 0.70

binding of | to Cu(ll) in [CuL]* via thetert-2-hydroxycar- thfH 4.95(1) 49 3.72 49 0.75

boxylato group in which the '2OH group remains proto- 2" 4.5 % 178 20 0.39
Oxylato group group P acH 4.43 47 1.33 47 0.30

nated (Chart 1lic) is considered unlikely, on the basis of
structurally characterized Cu(t)gaHs complexes in which
gahHs coordinates Cu(ll) as thtert-2-hydroxycarboxylato-
(2—) dianion3%31 The irregular line shape of the calculated
EPR spectrum of [Culf]is most likely due to the formation
of polymericlla units, in whichl coordinates to one Cu(ll)
ion via the carboxylate and ring oxygen atoms (“head”) and
to a second Cu(ll) ion via the glycerol tail (Chart 11a[],,).
Polymeric Cu(ll}-gaHs species featurindert-2-hydroxy-
carboxylato binding to one Cu(ll) ion and to the second ion
via the (protonated) ring-derived diolato group have been
characterized?®!consistent withlla],. Mass spectrometry
analysis of Cu(ll}-l solutions (Supporting Information,

Tables S1, S2a, and S2b) show multiple higfz signals
that selectively simulate as polymeric Cuftl) species,
although it is unclear whether oligomerization occurs during
ionization or whether discrete polymeric CuHl) species
are present in the solutions analyzed.

Results from potentiometric analysis of Cuftl) binding'©
have been interpreted as comprising a mixture of*Cu
[CuL]™, [Culy], and [Culy(OH)]™; the current work is in
agreement in terms of the presence ofGyCuL]", and
[CuLy], but itis in disagreement with the relative distributions
of these species and with the values ofidgr [CuL]™ [logj
= 3.57(5)] and [Cuk] [log = 6.7(1)], which are consider-
ably greater than the values calculated in the current work.
Also, the species [CW(OH)]- was not observed in the
current work; alternate species proposed in the current work
are [CuLH.q], [CuLH_3)?", [Cul,H-i]7, [CuL,H-;]*,
[CuL,H-3]3", and [CuL,H_4%>". The interpretation of the

(52) Shestavin, A. |; Bolotin, S. N.; Volynkin, V. A.; Panyuskhin, V. T.
J. Mol. Lig. 2003 107, 69-75.

(53) Saladini, M.; Candini, M.; lacopino, D.; Menabue, Inorg. Chim.
Acta 1999 292, 189-197.

(54) Micera, G.; Dessi, A.; Kozlowski, H.; Radomska, B.; Urbanska, J.;
Decock, P.; Dubois, B.; Olivier, ICarbohydr. Res1989 188 25—
34.

(55) Escandar, G.; Sala, L. Ean. J. Chem1992 70, 2053-2057.

(56) Bunting, J. W.; Kain Men, TCan. J. Chem197Q 48, 1654-1656.

(57) Hurd, C. D.J. Chem. Educl197Q 47, 481—482.
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results from the potentiometric sttdymay have been
complicated by the precipitation of Cu(OH)

Assignment of the Species [CulLHj], [CuL,
[CuLH _3]?>~ and [CuL,H_4]". As the electronic structures
of Cu(ll)—I isomers within a single protonation state become

protonation state. The glycerol tail iic is poised for further
Cu(ll) coordination such as would occur in a polymeric
species. As detailed further below, on the basis of the
irregular spectrum for [CuLH] (isomer 2),llic is the more
likely structure of this isomer and structuliéa or lllb is
more likely for [CuLH-4] (isomer 1). Each of these species
(Ia —Mlic) has a stronger ligand field compared to that of
free Cu(ll), which correlates with the decrease in the value
of giso [relative to thegis, value of free Cu(ll)] for both
isomers of [CuLH,4].

The neutral [Cuk] species is formulated here &@ns
{ Cu[O}OR—1(1-)]2(OH,)2} (IVa). This complex is formed
in low concentration only at a high excessloénd has a
poorly resolved EPR spectrum. Although two isomers of
{ Cu[O}OR—1(1-)]2(OH,),} are possible, in which the car-
boxylate groups (and correspondingly, the glycerol tails) on
each ligand are either in a cis or trans configuration to each
other about thexy plane of the molecule, the cis isomer is
unlikely to be present in significant concentrations, as a result
of considerable steric clashes that are present between the
glycerol tails. Thegis, value for [Culy] as calculated from
the 2D-EPR spectral analysigist = 2.1903) is consistent
with the modest shift from the value from free Cu(1Bs
= 2.1946) that would be expected with the relatively weak
donor set inVa. Although structure$vb andIVc are also
consistent with this protonation state, these complexes are
predicted to be present in negligible concentrations because
of parallel arguments given for the analogous Cu(Hj/1:1
complexes (i.ellb andlic). The significant shift in thejiso
value for [CuLH-3]?>~ (giso = 2.1323) from the value for free
Cu(ll) suggests a strong donor set in the equatorial plane,
such as inV. It is less likely that [CuLH3]?" represents
[lla —lllc , in which two of the aqua ligands are deprotonated,
because these complexes would not be expected to have EPR
signals with significanAgiso { WhereAdiso = giso (CU(l)free)
— Giso (Cu(l)=1)} values. In the case of [CyH—_]~, an
(LH-; + L)-type coordination is most probable, as shown
in VI. The spectrum suggests the existence of a pEuk]~

more disparate, EPR spectroscopic parameters unique to eacfmonomer)= [CuL,H_1],~(polymer) equilibrium, as simi-
isomer may be more reasonably factored into the modellarly invoked for [CuL}. The dissociation [Cul] =
(Figure 3; Table 2). This appears to be the case for the neutral[CuL,H-,] + H™ yields a K, value= 5.49 (Table 1), which

species, [CuLH;]; a significant improvement in the fit

is consistent with the deprotonation of a hydroxyl group.

between the simulated and experimental data was obtained Assignment of the Species [CuH _5]2~, [CuL ;H_3]3",
when this species was modeled as two isomers (Figure 3,and [Cu,L,H 4]2~. The Cu(ll)-monod[tridenate(2-)]

panel i). One of the species proposed for [CukHeatures

| binding as a tridentate ligand, vi@*, OR {similar to
[Cu(OYLOR—I(1-))(OHy)4]*; lla} and one deprotonated
hydroxyl group from the glycerol tai)” (llla ) or O (llib )
(Chart 2). The dissociation [Cut]= [CuLH_,] + HT yields

a K, value= 5.01 (Table 1), which is consistent with the
deprotonation of a hydroxyl group [which can be expected
to have a lowered g, value, induced by the Lewis acidity
of Cu(ll)].

The tridentate binding off is consistent with the binding
mode proposed betwednand Pb(I1}° or Ca(ll)'* deter-
mined by NMR spectroscopy. Structubéc , in which |
is coordinating via théert-2-hydroxycarboxylato(2) motif
{[Cu(O,0?—1(2—))(OH,)4]}, is also consistent with this

binding motif proposed for [CuLH] (isomer 1) (lla,
lllb ) translates in a self-consistent manner to the
Cu(ll)—bisA [tridentate(2-)] protonation state, [CuH_,]?>~
(Vlla—VIld). Here, the proposed species feature two
tridentatel ligands bound in a meridinal fashion about
the Cu(ll). There are many possible isomers for the
Cu(ll)—bisA [tridentate(2-)] formulation; molecular mechan-
ics calculations (in progress) will provide some insight into
the most energetically stable specigsSeveral Cu(ll)
complexes in which two N- or O-containing tridentate ligands
coordinate in a meridian fashion have been characterized by
X-ray crystallography?6° The 2D-EPR simulation process

(58) New, E. J.; Jolliffe, K. A.; Codd, RWork in progress
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Table 5. Coordination Modes of Cu(ltyl Complexes

complex chelate 1 chelate 2 average EPR structure
[CuLH-1] isomer 1 0%, OR, O7, or 08 N/A tridentatd | (2—)} regular IMa, b
[CuLH—_3)2~ 0L, OR, 08, andO?® N/A tetradentatd | (3—)} regular \Y
[CuLoH-7]% isomer 1 01, OR, O7, or 08 01, OR, O7, or O8 tridentate{ | (2—)} regular Vila —Viid
[CuL,H-7]% isomer 3 01, OR, 08, andO® 01, OR tridentate{ | (2—)} regular VIIf
[CuLH-3]3~ 0%, OR, 08, andO® 01, 02 tridentate{ | (2.5-)} regular Vil
[CuL]* 01, OR N/A bidentate{ | (1)} irregular lla
[CuLy] 01, OR 01, OR bidentate{ 1 (1-)} irregular IVa
[CuLH-1] isomer 2 01, 02 N/A bidentate{ 1 (2—)} irregular lllc
[CuloH-4]~ O, OR 01, 02 bidentate]1(1.5-)} irregular VI
[CuLoH-_7]% isomer 2 01, 02 01, 02 bidentate{1(2—)} irregular Vile

reasonably included three isomers of [GHL,]?>~ (Table 2; (Agiso = 0.0419-0.078). The intermediatgs, values Agiso
Figure 3, panel v). On the basis gf, values (Table 1), = 0.0145-0.0375) ofllla —Illc are consistent in terms of
isomer 2 is most likely to have an (LH + LH_;)-type the ligand field strength lying between that bfa (with
coordination, as shown iWlla —Vlle (Chart 2). Structure  exclusiveO', OR binding) andVila —VIIf (with a higher
Vlle is most consistent with [CyH 5]~ (isomer 2), because  component of alkoxide character).
the bistert-hydroxycarboxylato(2) coordination mode of Denticity of | in Cu(ll) —I Complexes and Correlation
| in Vlle leaves the glycerol tails available for further ith EPR Spectra. Excluding the deconvoluted spectrum
Cu(ll) binding that would likely be featured in polymeric o [Cu(OH,)¢]2* from the following argument (which is in
species and give rise to an irregular EPR spectrum. This ggreement with previous watk ), there is a trend between
coordination mode is analogous to polymeric CuftH the “regularity” of each predicted Cu(t)l spectrum and
complexes?3!Isomers 1 and 3 of [CulH-7]*" have EPR  he ayerage denticity of in the complex (Table 5). The
spectra (Figure 4) that are regular for mononuclear tetrago'tendency for monomeric Cu(#)l complexes to form
nally elongated Cu(ll) octahedra and are assigned to Struc-pqymeric analogues might reasonably be related to the
tures Vila=Vild or VIIf in which concentrations of  yenicity of| at the Cu(il)-1 monomeric center; a Cu(H)
polymeric analogues are predicted to be small, bechuse ., h1ey of lowl denticity would result in the availability
will effectively encapsulate the central Cu(ll) ion. The of further Cu(ll) donor sites at the complex periphery
relatively large value ofAgs, for isomer 3 g, = 2.1166) compared to a Cu(ifyl complex of highl denticity in which ,
suggests an (Lk + L)-type coordination YIIf ), featuring I would more effectively wrap up the mononuclear Cu(ll)
| coordinated to Cu(ll) in a fashion analogous to thawvof center
Isomer 1 of [CulkH_,]?>", therefore, is assigned to be of the ' ) o

Wherel is acting in either aO%OR {1(1-)} or OYO?

form Vila —VIId . The gis, value of [CuloH_3]®~ suggests
Jso [CuLH =" sugg ¢ {I(2-)} bidentate fashion, as in [Cut](lla: OLOR)

this complex has a ligand field strength similar to that o _ o )
isomer 3 of [Cul.H_2]2"; this condition is met ifVIIl , in [CuLH- (llic : 01,0, [Culy] (IVa: bisOL,0%), [CulH-]
(VI: OL0R, 01,07, and [CulsH_5])? (Vlle: bis-O%0?), the

which the bidentatd ligand coordinates via théert-2- ) ? ] ]
hydroxycarboxylato(2) motif rather than via the©*,0R(1—-) predicted EPR spectra are irregular. Complexes in which
is acting in either §1(2—)} tridentate{ e.g., [CuLH-{] (llla

mode. The EPR-silent dinuclear species, JGHl_4)?", is :
formulated asX, in which two Cu(ll) ions are antiferro- ~ Or lllb - O10%,07, or &%) and [Cul.H-5]*" (Vila-Vilb : bis-
magnetically coupled via two hydroxide bridging ligands. ©%0%0’, or O°)} or {I(3-)} tetradentate{[CuLH-5]*~

As the strength of the Cu(H)l donor set increases, the (Vi ©50%0"0°)} fashion have spectra that are regular for
magnitude ofAgis {Where Agiso = Giso [CU(Il)ed — Giso mononuc]ear tetragonally elongated Cu(ll) octa_hé?i?&?o'51
[Cu(ll)~1]} would be expected to increase. This trend is 1he Predicted EPR spectra for both [GHL.]*~ (isomer 3;
largely consistent for the predictegs, values and the  VIIf ) and [CulH-*" (VIIl) are also regular; in these cases
proposed structures for the CugH) species, although the ~ (Ta@ble 5), the average denticity ofis three [i.e., withl
low giso value of [CuL]" is somewhat anomaloua\giso = donating in a tetradentafé¢(3—)} fashion O*, O, O, and
0.1430), most likely because of complications with the EPR ©O°) in one chelate ring (in botNVIif and VIil ) and in a
simulation arising from the presence of the Cu¢lijmono- bidentate fashion in the second chelate rikgyf(: O*, O%
mer) == Cu(ll)—I (polymer) equilibrium. Because both the {I(17)}; VIll - O O {I(2-)})].
carboxylato and endocyclic oxygen atoms are weak donor Colominic Acid. The glycosidic linkage i poy (0.-2,8)
groups, thegs, value of [Culy] (IVa; Agiso = 0.0043) would mitigates against Cu(H)! oy binding via thetert-2-hydroxy-
be predicted to be closest to that of free Cu(ll), which is the carboxylato motif (or via the '8OH group). Therefore,
case here. The species with relatively strong ligand sets,Cu(ll)—I 0y binding is most likely to occur via the carboxylic
featuring two ¥/, Vlla —VIIf ) or three Y11 ) alkoxide donor acid group and the endocyclic oxygen atom; at higher pH
groups, would be predicted to have relatively Igw values values, it is also possible that Cu(ll) is also coordinated from
the deprotonated'7 or the 9-OH groups in a fashion

(59) ;gzu;rgggg, J.; Jameson, G. B.; BrookerCBem. Commur2003 similarly invoked for binding between Cu(ll) and freeThe
(60) Funahashi, Y.: Kato, C.: Yamauchi, Bull. Chem. Soc. Jpri999 Cu(Il)—I oy binding is further supported by circular dichro-

72, 415-424. ism spectroscopic results, which showed that conformational
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changes tdyo Were induced by Cu(l1§* The colominic acid
system may be a valuable mimic of metal-glycoconjugate
biochemistry, because in vivo concentrations of fresre
small® The similarity between the spectra (150 K) from
solutions of Cu(ll}-lpey and Cu(lly-1 acquired under
conditions where [Culi] is present in significant concentra-
tions supports the notion that [Cul]s in equilibrium with
the polymeric species, [Cukf, and corroborates the pro-
posed existence of alternate polymeric Cufll)species, the
presence of which will most likely occur whetds acting

in a OLOR {I(1-)} or OL,0? {I(2—)} bidentate fashion.

additional coordination from a deprotonated glycerol-derived
hydroxyl group sees$ acting as a tridentate chelate. It is
also proposed that select Cu(Hl) species form polymeric
complexes. Complexes in whithacts as a tridentate chelate
{e.g., [CulH_5)? (Vlla —VIId : bis-O',0OR,07, or O%)} have
EPR signals typical for mononuclear tetragonally elongated
Cu(ll) octahedra and are dominant at alkaline pH values.
EPR signals of Cu(lb| complexes in which acts in a
OLOR {I(1-)} or OL0? {I(2—)} bidentate fashiofe.g.,
[CuL] ™ (OLOR), [CuLy] (bis-O0R), or [Cul,H-4]~ (OOR;
01,0%} are irregular; in these cases, it is proposed that
considerable concentrations of the analogous Cul(ll)
polymeric species are present that have tumbling rates that
The bioinorganic chemistry of is under increasing do not allow complete averaging gfand A anisotropies.
scrutiny following recent studies that show tHatwhich EPR spectra from polymeric Cu(H) oy glassy solutions
appears as the terminal residue of cell-bound glycoconju- are very similar to spectra from Cu(#) glassy solutions
gates, is a viable transition metal ion chelat®. Because  acquired under conditions where [CdlLJis present in
many proteins and lipids of relevance to select human diseasesignificant concentrations, which supports the notion that
states are sialylated, it is pertinent to seek insight into the [CuL]" exists in equilibrium with the polymeric analogue
roles played by the sialyl groups, particularly in diseases, ([CuL],"). The effect of metals such as copper in diseases
such as Alzheimer’s disease, in which metal ions (such assuch as Alzheimer’s disease should be examined both in the
copper) have been implicaté¥2:2362 |t is possible, for context of the interaction of the metal at the protein or peptide
example, that the terminal sialic acid motifs in sialoglyco active sité®*-#and in terms of Cu(lh-sialyl interactions
proteins and lipids play roles above and beyond those of that may occur at the protein periphery. The detailed analysis
cell—cell recognition and anticoagulation. Intra- and extra- of Cu(ll)—I and Iy speciation described here may have
cellular speciation of transition metal ions is a research areasignificant implications with respect to metal-sialoglycocon-

Conclusions

of considerable importan®,with implications in better
understanding metal homeost&$esnd metal-mediated dis-
ease$?

Here, we have shown, using 2D simulations of EPR
spectra, that there are multiple Cu(Hl) species formed at

jugate chemistry of relevance to human biology.
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